ABSTRACT To achieve insights about the impact of amplified loop interference, we consider a dual-hop fullduplex (FD) massive multiple-input multiple-output (MIMO) amplify-and-forward (AF) relaying system in terms of achievable ergodic rates for each user pair as well as spectrum and energy efficiencies. It is assumed that the base station (or relay) is equipped with M Rx receive antennas and M Tx transmit antennas, while all sources and destinations have a single antenna. For such FD massive MIMO AF relaying systems, the closedform expressions of the lower bounds of achievable ergodic rates are derived first with a finite number of receive and transmit antennas at base station. Then, the asymptotic performance analysis is performed by considering three different power-scaling schemes: 1) P S = E S /M Rx and P R = E R ; 2) P S = E S and P R = E R /M Tx ; and 3) P S = E S /M Rx and P R = E R /M Tx , where E S and E R are fixed, and P S and P R denote the transmit powers of each source and relay, respectively. Our results show that only when the power-scaling 2) is utilized, do the FD massive MIMO AF relay systems have the ability to restrict the loop interference, so that the system performance is free of loop interference when the number of antennas at the relay is large enough. On the contrary, with the power-scaling cases 1) and 3), the systems have no ability to cancel the loop interference even if M Rx or M Tx (or both) goes to infinity. The insight is different from the results in the FD massive MIMO decode-and-forward relaying systems where the loop interference can be entirely eliminated for the three power-scaling cases.
I. INTRODUCTION
In order to satisfy the ever-increasing demands from explosive wireless dada services, a breakthrough in spectrum and energy efficiencies is expected for the next generation wireless systems just as the fifth generation (5G) mobile communications. Regarding the great success of multiple-input multiple-output (MIMO) techniques, massive MIMO or large MIMO techniques have attracted a lot of attention recently as a promising enabling technology for greatly boosting the spectrum and energy efficiencies [1] , [2] . The idea of scaling up MIMO, or massive MIMO was first proposed in the seminal work [3] . It refers to the idea of scaling up the number of antennas on base station (BS) to a few hundreds, serving many tens of user terminals on the same timefrequency resource block. From a mathematical point of view, there are the following main advantages in using massive MIMO [4] . Firstly, the additive noise can be averaged out due to huge diversity gain provided by very large antenna arrays. Secondly, according the law of large numbers, the small-scale fading and the inter-user interference are eliminated since the random channel vectors between the users and the BS become pairwise orthogonal as the array size is large enough. Thirdly, massive MIMO systems allow for the reduction of transmittal power/energy due to they concentrate power on a very sharp direction by using transmission beamforming. Fourthly, the spectrum efficiency can be boosted by using multi-user massive MIMO. Finally, massive MIMO has the potential in low implementation complexity since the simple linear precoding/detectors, such as maximum ratio combining/maximum ratio transmission (MRC/MRT), or zero-forcing (ZF), can be employed to approximate the performance of the optimal precoding and detector [5] , [6] .
At the same time, due to its strong potential in increasing transmission coverage and link reliability, cooperative communication techniques have generated a wide interest from the wireless communication community in the past decade [7] . In cooperation communication systems, relay nodes are used to assist the data packet transmission between source and destination. Currently, there are many relay protocols presented in literature. Among them, the two most famous protocols are decode-and-forward (DF) and amplify-and-forward (AF). Compared with DF, the AF protocol has low implementation complexity as well as enhanced performance in low signal-to-noise ratio (SNR). However, the disadvantage of AF protocol is that in high SNR the performance is degraded due to the fact that the noise at relay is amplified and forwarded to destinations simultaneously. Nevertheless, with the employment of relay, the communication systems benefit from the expansion of network coverage and the enhancement of energy efficiency. It is of significance because in 5G the millimeter wave (MMW) would be exploited, which results in the decrease of cell coverage. Therefore, it is not surprising that incorporating relay diversity into massive MIMO is a strong candidate for the performance improvement of future energy-efficient 5G cellular network so that, in recent years, the massive MIMO relaying cooperation techniques have been investigated widely in [8] - [13] .
Additionally, we also see that these existing works [8] - [13] focus on half-duplex (HD) relaying massive MIMO systems. Besides half-duplex mode, it is well known that the relay can also work in full-duplex (FD) mode. With FD mode, the relay nodes are allowed to simultaneously transmit and receive signals over the same time-frequency resource block, which yields that the FD mode has the ability to double the spectrum efficiency due to the prelog factor 1/2 eliminated in ergodic capacity expression. Inspired by this observation, based on DF relaying protocol the full-duplex massive MIMO relaying systems have been investigated in [14] , where authors have considered a FD massive MIMO DF relaying systems. At massive MIMO relay node, the MRC/MRT and ZF are used to processing the received signals, respectively. To reduce the loop interference effect, authors have proposed two techniques: i) using a massive receive antenna array; ii) using a massive transmit antenna array together with very low transmit power at relay. Specially, in [14] authors pointed out the loop interference can be restricted effectively. This is due to the following two facts. Firstly, in decode-and-forward relay systems, the two hops are separated. As a result, each hop can be considered as an independent massive MIMO single hop channel. Secondly, when the number of receive or transmit antennas grows infinity, the single hop massive MIMO channels are orthogonal with large diversity gains. Besides this, authors also achieved that, for the FD massive MIMO relaying systems, the small-scale fading and the inter-pair interference are also diminished effectively.
However, when AF relaying protocol is incorporated into massive MIMO relaying systems, it is not the case, possibly. In AF the two hops are not mutually independent, but combined together. The received signal-to-interference-noise ratio (SINR) at destinations is determined by the links of the two hops jointly. When relays amplify and forward signals, the loop interference is also forwarded to destinations by multiplying a power amplification factor. Moreover, there are two relaying gain schemes in AF: fixed gain and variable gain. In general, when the relay has the knowledge of only the channel statistics of the two hops, the fixed gain schemes are favorable. On the contrary, when the knowledge of instantaneous channel fading coefficients is available at relays, the variable gain scheme is chosen. Compared with the variable gain scheme, the fixed gain scheme has low complexity. Obviously, no matter what kind of schemes, the loop interference is included in power amplification factors to prevent the oscillation at relay [15] . This yields that under the case where the additive noise at destination can not be eliminated, the power amplification factor (or loop interference) will impose great impact on system performance. Obviously, this is distinctly different from full-duplex DF relaying systems. Consequently, a detailed study that presents the impact of loop interference on full-duplex massive MIMO AF relaying systems is required. However, until now we see that relatively little work has considered it.
Therefore, motivated by the above observations, to fill in the gaps in full-duplex massive MIMO relaying systems and to achieve insights, we focus on multi-user full-duplex massive MIMO AF relaying systems in terms of loop interference restriction, spectrum and energy efficiencies.
In this paper, we use boldface upper and lower letters to denote matrices and vectors. The notations (.) * , (.) T , and (.) H stand for the operations of conjugation, transposition, and conjugate transposition, respectively. We also use · 2 , Tr(·), and E{·} to represent Euclidean norm, trace, and expectation. We use '' a.s.
− >'' denoting almost sure convergence, and '' d →'' representing convergence in distribute. Finally, we use z ∼ CN (0, ) denoting a circularly symmetric complex Gaussian vector z with zero mean and covariance matrix . I M represents an M ×M identity matrix. W ∼ W m (n, I n ) is an m × m central complex Wishart matrix with n (n>m) degree of freedom [19] .
II. SYSTEM MODEL
As shown in Fig.1 , we consider a dual-hop full-duplex massive MIMO AF relaying system where K user pairs, (S k , D k ), k = 1, . . . , K , communicate with the assistance of a relay (or base station). All users are equipped with single antenna, while the BS is equipped with M Rx receive antennas and M TX transmit antennas, respectively. The direct link between the source S k and the destination D k does not exist due to heavy shadowing and path loss phenomenon. In Fig.1 , we denote the uplink channel vectors between the source S k and the BS as g SR,k C M Rx ×1 , and the downlink channel vectors between the BS and the destination D k as g RD,k C M Tx ×1 . Moreover, the channel matrix between the K sources and the BS is denoted by and that between the BS and the K destinations is denoted as 
Obviously, h SR,mk and h RD,mk are the fast fading coefficients, and β SR,k and β RD,k model the geometric attenuation and showing fading which is assumed to be independent over m and to be constant over many coherence time intervals. The above relaying channel models rely on the favorable propagation assumption [17] , which assumes that the channels from the relay to different sources and destinations are mutually independent. The validity of this assumption was demonstrated in practice, even for massive arrays.
At the same time, with full-duplex relaying protocol, the transmitted signals by BS's transmission antennas are also received by its own receive antennas since the BS's transmits and receives at the same time-frequency resource block. Thus, we model the channel matrix between the relay's transmit and receive arrays as G RR ∈ C M Rx ×M Tx , which represents the loop interference. We assume that the loop interference is suppressed by the method in [16] , and only residual selfinterference exists. Therefore, the loop interference links are modeled as Rayleigh fading channels, which is a common assumption made in the existing literature [21] . The elements of loop interference channel matrix G RR are modeled as
RR random variables. The variance σ 2 RR can be understood as the level of loop interference which depends on the distance between the transmission and receiving antennas arrays, and the capacity of the employed loop interference suppression techniques. Now, we consider the transmission at time t over the same time-frequency resource. All K sources transmit simultaneously their signal to the relay with power P S , while the relay broadcasts its previously received signals to K destinations by using AF relaying protocols. Therefore, at time t the received signals at BS is formulated as
where
is the additive white Gaussian noise (AWGN) vector at BS. At the same time, y RT (t) ∈ C M Tx ×1 denotes the transmitted signal vector by the BS at time t, which is given by
where P R is the transmit power constraint at the BS. In (4), y RR (t − 1) is the received signal previously at the BS, F is the transformation matrix for precoding, and ρ is the AF protocol relay power amplification coefficient. The power amplification coefficient ρ is chosen to satisfy the power constant at relay. To reduce the system complexity, the fixed gain scheme is employed. Therefore, according to [8] , [21] , [22] to prevent the oscillation at the BS, the AF power amplification coefficient should be formulated as (5), as shown at the top of the next page, where we define y RT (t−1) = P RỹRT (t−1). For the convenience of analysis, we assume that the pre-suppressed techniques in [16] are employed, so that we can take the approximation
. Therefore, at time t the received signal vector at the K destinations is written as
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K is the additive noise at the K destinations. Therefore, combining (3), (4) , and (6) we can formulate the received signal vector at destinations as
When CSI is available at BS, it is nature to apply the simple MRC/MRT processing at the BS, i.e., we have
III. ACHIEVABLE ERGODIC RATE ANALYSIS A. SOME RESULTS ON VERY LONG RANDOM VECTORS
Before we perform the analysis of ergodic rates, some important results on very long random vectors are presented here to make this paper self-contained and also to improve the readability of this paper. They are frequently invoked in the sequent derivations. Let x = (x 1 , x 2 , . . . , x M ) T and y = (y 1 , y 2 , . . . , y M ) T be two mutually independent M × 1 random vectors, whose elements are independent and identically distributed (i.i.d.) zero-mean random variables (RVs) with E |x i | 2 = σ 2 x and E |y i | 2 = σ 2 y , i = 1, 2, . . . , M . Then, from the law of large numbers, we have [20] 1
Also, from Central limit theorem, we have [20] 
Therefore, with enough large M Rx and M Tx , we have
B. ANALYSIS OF ERGODIC RATE FOR ANY USER PAIR
In this section, we derive the achievable end-to-end ergodic rate for the communication pair (S k , D k ) as well as the total spectrum and energy efficiencies. To this end, we first consider the expansion of the receive signal expression (7) for the communication pair (S k , D k ). Therefore, we can write the received signal at D k as
compound noise (12) From equation (12), we see that the received signal at destination D k , k = 1, . . . , K , consists of four parts: the desired signal by terminal user D k , the interference signal caused by other users, the amplified loop interference due to the implementation of full-duplex AF protocol, and the compound noise. With (12) , the end-to-end receive SINR at destination for the communication (S k , D k ) is written as (13) , as shown at the bottom of this page.
Therefore, the end-to-end ergodic rate for the communication pair (S k , D k ) is given by [20] 
Though (13) and (14) present the general expression for the achievable ergodic rate R D k , it is seen that the derivation for the closed-form expression of (14) is extremely challenging. To overcome this problem, by using the convexity of log 2 (1 + 1 x ) and Jensen's inequality, we have the following lower bound of the achievable rate, given by
where, with Jensen's inequality, we define E γ D k as
In (16), the SINR γ D k is given by (13) . The equations (15) and (16) indicate that, to obtain the lower bound R D k ,
the expectation E γ D k is required. Therefore, substituting (13) into (16), after some algebraic operation, the expectation E γ D k is given by
With equation (17), we have Proposition 1.
Proposition 1:
The expectation E γ D k is given approximately by
At the same time, with the definition of ρ, we have proposition 2.
Proposition 2: The power amplification factor ρ at BS is given approximately by (19) , as shown at the bottom of this page.
The proofs of propositions 1 and 2 are presented in Appendix A and B, respectively.
Using propositions 1 and 2, the lower bound of ergodic rate for communication pair (S k , D k ) in the full-duplex massive MIMO AF relaying systems is given approximately by Theorem 1.
Theorem 1: For the dual-hop full-duplex massive MIMO AF relaying systems, the lower bound of the ergodic rate for communication pair
With Theorem 1, we can obtain the spectrum and energy efficiencies for the full-duplex massive MIMO AF relaying systems, given by Theorem 2.
Theorem 2:
The lower bound of spectrum efficiency for the full-duplex massive MIMO AF relaying systems is given approximately by
where R D k is given by (20) . Furthermore, the energy efficiency of the full-duplex massive MIMO AF relaying systems, which is defined as the achievable ergodic rate sum divided by the total transmit power, is expressed approximately as
where KP S + P R is the total power consumption.
IV. ASYMPTOTIC ANALYSIS WITH VERY LARGE NUMBER OF ANTENNAS
Based on the above derivations, in this section we perform the asymptotic analysis as well as the potential spectrum and energy efficiencies. With these asymptotic results, some interesting insights are achieved. It is well known the power scaling is beneficial to energy saving, which is the main advantage of massive MIMO. We consider three cases, in which the power of each user or relay (or both) can be made inversely proportional to the number of relay reception or transmission antennas, respectively, as follows: 
Proof: With (20)- (23), it is achieved that 1
With the consideration that the antenna number is enough large, it is achieved that
Substitute the above equations into (20) . The corollary 1 is proved. Substitute (26) into (24) and (25), the asymptotic spectrum and energy efficiencies can also be achieved, respectively.
From corollary 1, we see that when M Rx tends to infinite, the achievable ergodic rates of the systems with the powerscaling case I are deterministic. Scaling down the transmit power of each source by 1/M Rx does not degrade the ergodic rates due to the receive beamforming. In the regime of large M Rx , as shown in (27) the inter-user interference diminishes. At the same time, from (29) it is seen that when the number of receive antennas goes to infinity, the impact of additive noise n D at destinations disappears. However, equation (28) shows that in power-scaling case I, the loop interference and the additive noise at relay that are forwarded to destinations together with the desired signals, do not be eliminated, so that the achievable ergodic rates are suffered greatly from loop interference. Besides this, we also see that in case I, when M Rx grows to infinity, the asymptotic ergodic rates only depend on the link gain of the first hop and E S . The second hop links and the power of relay do not impact it.
For clearer insights, we assume that all elements in D SR is independent and identically distributed, i.e., β SR,k = β SR , k = 1, . . . , K . With this assumption, the asymptotic spectrum efficiency is expressed as K log 2 
RR
, and the energy efficiency is
. The two results
show that, in case I when M Rx is infinite, the spectrum efficiency and energy efficiency are increasing linearly with the number K of user pairs. Corollary 2: With the power-scaling scenario P S = E S and P R = E R /M Tx , E S and E R are fixed, when M Rx and M Tx go to infinity, the asymptotic ergodic rate for use pair (S k , D k ) is given by.
Proof: By using the similar line as in Corollary 1, Corollary 2 can be achieved.
From Corollary 2, we also see the benefits of very large M Tx in power-scaling Case II. It is achieved firstly that the transmit power of relay can be scaled down by 1/M Tx without degrading the performance. The relay obtains an energy efficiency gain of M Tx . Different from power-scaling Case I, Corollary 2 indicates that in the power-scaling case II, when M Tx tends to infinity, both the additive noise at relay and the loop interference are canceled effectively. The transmit power of sources has not the impact on the asymptotic ergodic rate. This is an interesting result because we see that in Case II, the loop interference is restricted perfectly when M Tx tends to infinity. This result indicates that the massive MIMO system works well with limited loop interference. Compared the conventional full-duplex MIMO system, the complexity of our scheme is decreased greatly. In conventional MIMO systems, the sophisticate suppression techniques for loop interference are required. However, with our derivations, when the powerscaling case II is employed, the massive MIMO scheme can eliminate effectively the harmful loop interference. As a consequence, it paves the way of full-duplex implementation in massive MIMO AF relaying systems.
Similarly, for clearer insights we consider the special scenario β SR,k = β SR , and β RD,k = β RD , k = 1, .., K . With this consideration, the asymptotic spectrum efficiency is given by K log 2 
. The result indicates the in Case II the asymptotic spectrum efficiency is increasing with K , and saturates to E R β RD / E R β RD + 2σ 2 D / ln 2. We also see that with the i.i.d assumption, the asymptotic spectrum efficiency is dominated by E R and the second-hop links gains only. The energy efficiency is given by
, which reveals that the increase of the number of user pairs will degrade the energy efficiency. This is due to the fact that the energy gain of M Tx is divided by K users.
Corollary 3: With the power-scaling P S = E S /M RX , P R = E R /M TX , E S and E R are fixed, when both M Tx and M Rx go to infinity, the asymptotic achievable ergodic rate for use pair (S k , D k ) is given by (31), as shown at the top of the next page.
Proof: By using the similar line as in Corollary 1, Corollary 3 can be achieved.
Corollary 3 reveals that when the transmit powers of sources and relay are scaled by 1/M Rx and 1/M Tx , respectively, the inter-user interference diminishes because the
channels of different user pairs tend to pairwise orthogonal. However, equation (31) shows that in Case III, the additive noises at all terminals and the loop interference can not be eliminated even if both M Rx → ∞ and M Tx → ∞. This result indicates that in Case III the loop interference can not be canceled, so that the implement of the full-duplex massive MIMO AF relaying system is limited in this case.
When the elements in D SR and
. . , K , using equation (31) the asymptotic spectrum efficiency is (32), as shown at the top of this page.
The result (32) reveals that when E S → ∞ and
≈ 1, the spectrum efficiency is consistent with the one in Case II; when E R → ∞, the spectrum efficiency is consistent with the one in Case I. Therefore, we get that the asymptotic spectrum efficiency in Case III is smaller than the ones in Case I and II. However, the energy efficient is increasing with M Tx and M Rx , such that the energy efficiency in Case III is largest.
V. NUMERICAL RESULTS AND DISCUSSIONS
Based on the above discussions, the numerical results are presented in this section. For simplicity, throughout the analysis we assume the noise variance σ 2 R = σ 2 D = 1. By taking the large-scale fading coefficient β SR,k = β RD,k = 1, K = 5, and E S = E R = P S = P R , in Fig.2 (a) we first investigate the spectrum efficiency versus the power E S (dBW) under different number of receive and transmit antennas at relay. As expected, Fig.2 shows that the spectrum efficiency is increasing with the number of antennas. This is due to the fact that the increase of the number of antennas results in the increase of beamforming gains. It is also achieved that the situation of M Rx > M Tx has greater spectrum efficiency than the situation of M Rx < M Tx . The reason is that in a dual-hop relaying system, the first hop imposes more impact on system's performance than the second hop. At the same time, we see that when the value of E S is small relatively, the spectrum efficiency is increasing with E S . However, when E S is large enough, the spectrum efficiency saturates to the corresponding constant. Obviously, in this case the interference is the main factor that affects the systems performance.
To further achieve the insight of the effect of large scale fading on the spectrum efficiency, in Fig.2 (b The different large-scale fading parameters for the four system realizations are arbitrarily generated by Gaussian random vector of µ = 1 and σ 2 = 0, 0.1, 0.33, and 0.5, respectively, whilst we also take β SR,k · β RD,k = 1. Fig.2 (b) presents the corresponding spectrum efficiency versus the power E S for the four different system realizations. We see that the spectrum efficiencies are impaired when the disparity among the large-scale fading coefficients becomes large. When the dual-hop links are balanced, i.e. β SR,k = β RD,k = 1, it is seen that the system obtains the optimal performance. Similar to Fig.2 (a) , when E S goes to infinity, the spectrum efficiencies saturate to a corresponding constant.
In Fig.3-Fig.5 , under the three different power-scaling cases, the comparison analysis of spectrum and energy efficiencies versus the number of antennas at BS is presented, respectively. Specially, we take E S = 10W, E R = 30W, and M Rx = M Tx . In Fig.3 , we first consider the powerscaling case I, i.e., P S = E S /M Rx , P R = E R . As achieved in Fig.2 , from Fig.3 (a) we see that when the number of antennas is small relatively, the spectrum efficiency increases with the number of antennas. This is due to the fact that the inter-user interference and small-scale fading are averaged by deploying more antennas. When the value of M Rx is large enough, the systems saturate. The spectrum efficiency is maintained even if the transmit power of sources is scaled down by 1/M Rx . In other words, the increase of antennas' number yields the improved energy efficiency. However, as achieved in Corollary 1, for the power-scaling case I the loop interference has severe impact on system performance, which is the focus of the work. From Fig.3 (a) it is easy to see that the spectrum efficiency is inversely proportional to σ 2 RR . The energy efficiencies for the power-scaling Case I are plotted in Fig.3 (b) . Similar to Fig.3 (a) , when the antennas' number goes to infinity, the energy efficiencies saturate the corresponding constant. Since the loop interference is not eliminated in the power-scaling Case I, the energy efficiencies are impacted greatly by σ 2 RR , too. Note that, in Fig.3 the straight lines representing the asymptotic performance are effective only in the large region of the antennas' number. Obviously, in the large region of the antennas number, the lower bounds agree with the asymptotic performance. However, for clarity and comparison analysis, the straight lines are plotted over the entire region of the antennas' number. In the sequent discussion, unless otherwise specified, the assumptions always hold.
For power-scaling Case II, the spectrum and energy efficiencies versus the number of antennas are presented in Fig.4 , for clarity in which the values of σ 2 RR are 4dB and 14dB, respectively. The figure also verifies that for Case II, employing more antennas will improve the spectrum and energy efficiencies due to the inter-user interference and small-scale fading eliminated. When the number of antennas is large enough, the spectrum and energy efficiencies saturate the corresponding constants. Besides this, we also see that in Case II, the loop interference is restricted effectively. Especially, when the number of antennas is large enough the loop interference is eliminated perfectly. The observation indicates the power-scaling Case II is of significance, because the power-scaling scheme restricts the inter-user interference, and small-scale fading, but also eliminates the loop interference and the additive noise at relay. This is a promising result, which can guide the design of the fullduplex massive MIMO AF relay systems with less loop interference and low implementation complexity. Comparing Fig.3 and Fig.4 , we see that with given E S and E R , the asymptotic spectrum efficiency of Case II is greater than that of Case I. The relationship between the spectrum and energy efficiencies and the number K of users is not linear, which is consistent with corollary 2. At the same time, in the systems the asymptotic energy efficiency is decreasing with K . The reason is that the power of relay is shared by K users.
When the power-scaling Case III is employed, the energy and spectrum efficiencies are plotted in Fig.5 (a) and (b) , respectively. Besides the similar results achieved in Fig.3-Fig.4 , it is also seen that, the saturation spectrum efficiencies change with K as well as σ 2 RR , too. Comparing  Fig.3, Fig.4, and Fig.5 , we see that the systems with the power-scaling Case III have smallest spectrum efficiency. Furthermore, the energy efficiency of Case III is increasing linearly with the number of antennas. This is because that the total power consumption in Case III can be made inversely proportional to the number of relay antennas in Case III. However, the energy efficiencies of Case I and II tend to saturate when the number of relay antennas increases to infinity, because the total power consumption is constant in the regime of large number of relay antennas. At the same time, in Case III, we also see that the loop-interference does not be canceled.
VI. CONCLUSIONS
This paper focuses on dual-hop full-duplex massive MIMO AF relaying systems in terms of spectrum efficiency, energy efficiency, and loop interference. By using appropriate mathematical manipulation, the lower bound of the achievable ergodic rate for any source-destination pair is achieved firstly. Then, based on the ergodic rates, the total spectrum and energy efficiencies are achieved. Finally, the asymptotic analysis of spectrum and energy efficiencies is performed under three different power-scaling cases. The derivations show that, with the power-scaling Case I and III, the massive MIMO AF systems have no ability to restrict the loop interference, even if both M Rx and M Tx go to infinity. However, it is lucky enough that when the power-scaling Case II is employed, the loop interference can be restricted. When the number M Tx of transmit antennas goes to infinity, the loopinterference is eliminated perfectly for case II.
Of course, the achievable rate is related to many facts. On the one hand, different scheduling algorithms and different precoding schemes will get different rate. On the other hand, it is also the key topics of massive MIMO systems to estimate the channels and to pair the multiple users. However, duo to the limited space, this work only focuses on the loop interference of the full-duplex AF relay massive MIMO systems. For the other topics, they would be considered in future works. 
Therefore, substituting the approximations (38)- (41) into (17), we can write the expectation E γ Dk as 
At the same time, using the property of Wishart matrix [19] E{tr(W −1 )} = m/(n − m)
where W ∼ W m (n, I n ) is an m×m central complex Wishart matrix with n (n>m) degree of freedom [19] . Therefore, similar to the result [20, eq. (78)], we have
Combining (46), (45), (43), and (42), the term E 1 is given by
To resolve E 2 in (42), according to [22] , under the condition g SR,k it is achieved that the residual loop interference G RR y RT (t − 1) ∼ CN (0, σ 2 RR I M ). Therefore, similar to (43), using the conditional expectation leads to
Similarly, the term E 3 is given by
For the term E 4 , using the property of Wishart matrix [19] E{tr(W −2 )} = mn (n − m) 3 
we have
Finally, substituting (47)-(51) into (42) and using the fact M Tx 2(M Rx 2), after some mathematical processing, Proposition 1 is achieved.
APPENDIX B PROOF OF PROPOSITION 2
To achieve the approximate expression of ρ 2 , with the consideration n R (t − 1) ∼ CN (0, σ 2 R I M Rx ), the power amplification factor ρ 2 given by (5) is rewritten as
